Collagen XVII, previously called BP180, is a hemidesmosomal transmembrane protein (1) which plays a critical role in maintaining the linkage between the intracellular and the extracellular structural elements involved in epidermal adhesion. This function is indirectly demonstrated by blistering skin diseases. Mutations in the collagen XVII gene, COL17A1, lead to junctional epidermolysis bullosa (2), a human blistering skin disorder. Further, in bullous autoimmune skin diseases, autoantibodies to collagen XVII perturb cell adhesion and lead to epidermal-dermal separation and skin blistering (3). As a type II transmembrane protein, collagen XVII contains three 180 kDa alpha-chains, which fold to form a homotrimer with
mediated the low cholesterol-dependent shedding. Co-patching analysis by double IF-staining revealed colocalization of collagen XVII with the raft resident phosphatidylinositol-linked placental alkaline phosphatase and segregation from the non-raft protein human transferrin receptor, indicating that a majority of collagen XVII molecules was incorporated into lipid rafts. These data deliver first evidence for the role of plasma membrane lipid organization in the regulation of collagen XVII shedding and, therefore in the regulation of keratinocyte migration and differentiation.
Collagen XVII, previously called BP180, is a hemidesmosomal transmembrane protein (1) which plays a critical role in maintaining the linkage between the intracellular and the extracellular structural elements involved in epidermal adhesion. This function is indirectly demonstrated by blistering skin diseases. Mutations in the collagen XVII gene, COL17A1, lead to junctional epidermolysis bullosa (2), a human blistering skin disorder. Further, in bullous autoimmune skin diseases, autoantibodies to collagen XVII perturb cell adhesion and lead to epidermal-dermal separation and skin blistering (3) . As a type II transmembrane protein, collagen XVII contains three 180 kDa alpha-chains, which fold to form a homotrimer with 2 collagenous triple-helical segments, build up by the typical Gly-X-Y repeat sequences. Each alpha-chain consists of an intracellular N-terminal domain of 466 amino acids, a short transmembrane stretch and a large extracellular C-terminus of 1008 amino acids (4) . The ectodomain contains 15 collagenous subdomains, intervened by 16 short non-collagenous sequences.
Collagen XVII belongs to the novel group of the collagenous transmembrane proteins (5) and was the first group member, whose ectodomain was shown to be constitutively shed from the cell surface (6;7). The shedding is catalyzed by members of the disintegrin and metalloproteinase (ADAM) family (8;9) , which themselves are transmembrane proteins acting close to the cell membrane. The cleavage occurs within the juxtamembranous NC16A domain of collagen XVII, and practically the entire ectodomain is released into the extracellular space. The functional role and the regulation of collagen XVII shedding are not yet fully understood. However, shedding is believed to influence cell detachment, differentiation and motility in that cleavage of the ectodomain releases the cell from its binding partners and allows it to adapt other functions. It also appears that the release of the ectodomain is regulated by protease activation cascades, their physiological inhibitors, or the membrane integration of collagen XVII.
Lipid rafts were recently discovered to play a crucial regulatory role in the shedding of the amyloid precursor protein (APP) (10), CD30 (11), interleukin-6 receptor (12), L-selectin (13) , and the β-exon-containing Neuregulin-1 protein (14) . Lipid rafts, assemblies of sphingolipids and cholesterol within the plasma membrane, are fluid but tightly packed and well ordered, representing the liquidordered phase (15) . Because of its different density and melting point, the liquidordered phase floats around in the liquiddisordered matrix of entire plasma membrane. Different proteins exhibit different association capacities to these cholesterol-rich microdomains, and protein incorporation into the rafts is dynamic processes. Thus, the principle by which rafts exert their functions is a separation or concentration of specific membrane proteins in the microdomains (16) . The variable distribution of proteins between the raft and non-raft phases could regulate protein-protein interactions and influence their functions (17) . Lipid rafts have been found to be present in keratinocytes and to be rearranged during cell culture (18) . Cells in suspension did not demonstrate any discernible lipid microdomains, but upon attachment and cell spreading peripheral formation of lipid rafts was observed. In addition, the formation of cholesterol enriched raft-like domains between adjacent cells was reported, suggesting that membranes of adherent cells are enriched in raft structures. Hence, the plasma membrane microstructure could be important for the adhesion of keratinocytes, and in particular for the adhesive functions of collagen XVII. Therefore, this study focused on the role of plasma membrane microenvironment in collagen XVII shedding. Our data propose a new mechanism in regulation of collagen XVII shedding and provide a possible link to the low cholesterol-stimulated differentiation of keratinocytes (19) .
EXPERIMENTAL PROCEDURES

Cell cultures and transient transfections -
HaCaT keratinocytes were cultured in serum free keratinocyte growth medium supplemented with bovine pituitary extract and epidermal growth factor (Gibco/Invitrogen, Karlsruhe, Germany) as described previously (3) . COS-7 cells were grown in DMEM containing 10% fetal calf serum, 1% antibiotic-antimycotic (all Gibco/Invitrogen). One day before transfection COS-7 cells were seeded to 90% confluence on 6-well plates and transfected with 0.5 µg collagen XVII cDNA/well and Lipofectamine 2000 according to the manufacturer's recommendations (Invitrogen). Cells were maintained at 37 °C, 5% CO 2 in the air. Prior to the measurements, the cells were grown in presence of 50 µg/ml L-ascorbate for 48 hours, in order to allow for full prolyl-and lysyl-hydroxylation of newly synthesized collagens. Collagen XVII shedding assay-The media and cells were processed separately, as described (3) . Briefly, the medium was collected on ice, supplemented with 1 mM Pefabloc (Merck) and 1 mM EDTA (Sigma) and clarified from debris by centrifugation with 200 x g for 5 min. The cells were washed twice with PBS and lysed for 20 min in buffer containing 1% Nonident P-40, 0.1 M NaCl, 25 mM TrisHCl, pH 7.4. Then the cell lysate was scraped with a rubber policeman, and the extract was centrifuged at 13000 x g at 4 °C . The supernatant was used to analyze the total protein in each well. Shedding of collagen XVII ectodomain was assayed using probes normalized in protein content. Medium samples were precipitated with ethanol, dissolved in SDS-PAGE sample buffer and analyzed by immunoblotting with NC16A antibodies (3) using standard techniques. Semiquantative densitometry was done with the Gel-Pro Express 4.0 (Media Cybernetics Inc). Modulation of cellular cholesterol and sheddases -Cells undergoing the cholesterol depletion were washed twice with PBS and then treated with 5-20 mM MβCD or 20-25 µg/ml filipin (SigmaAldrich, Munich, Germany) for 60 min. The reagents were diluted in serum-free DMEM.
Cholesterol was assayed spectrophotometrically using Cholesterol/Cholesterol Ester Quantitation Kit (BioVision, Mountain View, USA). Total protein content was determined with Bio-Rad D c Protein assay kit (Bio-Rad, USA).
For determination of the inhibition profile of cholesterol-dependent sheddases, HaCaT keratinocytes were treated with 10 mM MβCD in combination with the well known class specific proteinase inhibitors: 100 µM E-64, 100 µM pepstatin A (Sigma) or 1 mM 4-(2-aminoethyl)-benzenesulfonyl fluoride (AEBSF or Pefabloc, Merck, Darmstadt, Germany) for 60 min. These low molecular weight inhibitors have low cell toxicity and do not effect the overall cell metabolism (20) (21) (22) . As negative control, to demonstrate that the patching indeed was antibody induced, co-transfected COS-7 cells on coverslips were fixed with 2% paraformaldehyde and then stained with the same set of primary antibodies in respective dilution. In this case the proteins were randomly distributed over the plasma membrane.
RESULTS
Collagen XVII is localized in cholesterol rich lipid domains -The putative presence of collagen XVII in cholesterol rich microdomains was analyzed with colocalization experiments. Extracellularly exposed membrane proteins can be laterally cross-linked with specific antibodies, this process causes redistribution of the molecules, with a tendency to form patches on the cell surface. This phenomenon can be used to visualize clustered lipid rafts in living cells, when resident raft proteins and nonraft proteins are cross-linked with antibodies to large distinct patches, in which raft markers co-patch and segregate away from non-raft markers. We used phosphatidylinositol-linked placental alkaline phosphatase, PLAP, a well established raft resident protein (23;24) and human transferrin receptor, HTrR, a non-raft protein (25) , as markers. For the patching experiments, COS-7 cells were co-transfected with cDNA encoding collagen XVII and PLAP or HTrR, respectively, and incubated with primary and secondary antibodies for 60 min at 12 °C to minimize the metabolic activity of the cells. As shown in Fig. 1A , the antibodies induced clustering of cell surface proteins; collagen XVII patches colocalized with PLAP patches and segregated away from HTrR. In negative controls without antibody cross-linking, the proteins were randomly distributed over the entire plasma membrane. These findings indicate that a major portion of collagen XVII molecules are incorporated into lipid raft microdomains in the cell plasma membrane. Cholesterol depletion of the plasma membrane induces shedding of collagen XVII -Since cholesterol serves as a spacer between the hydrocarbon chains of sphingolipids and holds the assembled lipid raft together, its depletion leads to disorganization of lipid raft domains ( Fig.  2A) . Here, we analyzed the influence of the plasma membrane cholesterol level on collagen XVII shedding using the cyclic polysaccharide methyl-beta-cyclodextrin, MβCD, which is a well known raft disruptor. MβCD contains a hydrophobic cavity, which enables a selective extraction of cholesterol from the plasma membrane of different cell types (26) . Addition of increasing concentrations (up to 20 mM) of MβCD to cultured HaCaT keratinocytes and COS-7 cells led to a concentration dependent reduction of the cholesterol content in both cell lines (Fig. 2B) .
The effect of cholesterol depletion on shedding of collagen XVII was evaluated by immunoblotting of the ectodomain released into the culture medium. Treatment with MβCD for 60 min resulted in a dose dependent increase of shedding in HaCaT cells (Fig. 2C) . Already a small decrease of the total cellular cholesterol level led to significant enhancement. To ascertain that cholesteroldependent shedding was not cell typespecific, we also treated collagen XVII transfected COS-7 cells, with MβCD. These cells showed as well accelerated shedding of the ectodomain of collagen XVII with increasing MβCD concentrations (Fig. 2D) .
To validate the above results, the effect of another cholesterol binding agent was examined. Filipin, a polyene antibiotic, binds to cholesterol in the plasma membrane and prevents its interaction with sphingolipids and thus decreases the stability of cholesterol-rich lipid microdomains (10) . Addition of filipin to the culture medium of HaCaT keratinocytes increased collagen XVII shedding in dose-dependent manner after 60 min of incubation (Fig. 3) . In agreement with previous observations for CD30 shedding (11), filipin had a lower effect on collagen XVII shedding than MβCD due to its different chemical nature of lipid raft destabilization. TACE mediates cholesterol dependent shedding of collagen XVII -Members of the ADAM family of proteinases are the major ectodomain sheddases for collagen XVII (9), while the TNF-alpha converting enzyme (TACE) is the most prominent proteinase (8;9). To examine the involvement of ADAMs in shedding stimulated by low cholesterol, the inhibition of cholesterol-dependent proteolysis was determined. MβCD-induced shedding was not inhibited by the aspartate protease inhibitor pepstatin A, the cysteine protease inhibitor E-64 or the serine protease inhibitor AEBSF (Fig 4A) . In contrast, the sheddase-directed hydroxamate inhibitors BB3241 (Fig. 4B) and TAPI (Fig. 4C ) effectively blocked MβCD-induced shedding of collagen XVII in HaCaT keratinocytes and transfected COS-7 cells. The MβCD-stimulated release of the ectodomain was reduced to 12 -30 % of controls not treated with inhibitors. Remarkably, the relative inhibition between MβCD-untreated and treated cells was not changed. This indicates that no other protelytic enzymes were involved in MβCD-stimulated process.
To ascertain the role of TACE in this process, COS-7 cells were cotransfected with collagen XVII and TACE cDNA and subsequently treated with 10 mM MβCD for 60 min. As shown in Fig.  5 , co-transfection with TACE stimulated shedding of collagen XVII about two-fold compared to controls without TACE. Subsequent MβCD treatment, i.e. cholesterol depletion, resulted in a further increase of shedding in the transfected cells, indicating that low plasma membrane cholesterol content enhances shedding of collagen XVII by TACE.
To analyze the integration of TACE within the plasma membrane, we tested whether antibody cross-linking induced copatching of TACE with the raft marker PLAP or with the non-raft marker HTrR. As shown in Fig. 1B , TACE patches colocalized with HTrR and segregated away from PLAP. These observations indicate that a majority of TACE molecules is not incorporated into lipid raft microdomains.
DISCUSSION
The results of this study revealed that the distribution of plasma membrane cholesterol strongly affects shedding of collagen XVII, since alteration of cholesterol content by MβCD increased the release of the collagenous ectodomain from the cell surface. This stimulatory effect of cholesterol depletion was not cell type specific and correlated with the reduction of cellular cholesterol, suggesting that increased shedding depends on cholesterol depletion and not on other molecular interactions of the agent. This observation was supported by filipin binding to membrane cholesterol, which redistributed the cholesterol and also enhanced shedding in a dose-dependent manner.
The inhibition profile of the enhanced proteolysis after cholesterol depletion favored metalloproteinases, especially the sheddases of the ADAMs family as responsible for the enhanced cleavage of collagen XVII, since sheddase directed hydroxamate inhibitors strongly suppressed the MβCD-induced shedding. Moreover, overexpression of TACE led to altered shedding after MβCD stimulation, implicating a key role of TACE in this process.
Lipid rafts are cholesterol and sphingolipid-enriched microdomains within the plasma membrane, and removal of raft lipids from the membrane leads to loss of their functions, particularly the regulation of protein-protein interactions. Recent studies on shedding of several transmembrane molecules have shown that reduction of the cholesterol content in the membranes accelerates the release of the ectodomain of CD30 by TACE (11), interleukin-6 receptor by TACE and ADAM-10 (12), and the Alzheimer amyloid precursor protein by ADAM-10 (10). Interestingly, CD30 and amyloid precursor protein were found to be mainly associated with lipid rafts, whereas TACE or ADAM-10 were not, suggesting a role for lipid rafts in regulated shedding of the above molecules, probably through limited accessibility of cleavage sites to the sheddases (11) . After disruption of the lipid rafts by MβCD treatment, the substrates were no longer raft-associated and thus became accessible to cleavage by ADAMs. The fact that cholesterol depletion through filipin binding also enhances shedding of CD30 (11) further underlines the importance of cholesterol integration in lipid microdomains for regulation of shedding. Recently, the adhesion molecule L-selectin, a well known TACE substrate, was also found in lipid raft fractions (13) suggesting that cleavage of L-selectin might involve rafts. Taken together, these results strongly suggest that alterations of lipid phase organization critically affect the release of a broad spectrum of biologically active proteins from cell surfaces. Hence, it seems likely that the membrane sublocalization of collagen XVII plays a key role the regulation of its shedding.
Co-patching experiments demonstrated that the majority of collagen XVII molecules associates with the lipid rafts, since collagen XVII patches colocalized with the patches of the raft marker protein PLAP and segregated from the non-raft marker protein HTrR ones. In contrast, co-localization of TACE patches with HTrR and its segregation from PLAP excludes its raft association. These observations of non-association of TACE with rafts are in agreement with previous findings on L428 cells (11) , suggesting that the accessibility of the substrates to the sheddases is regulated by the rafts. In the light of the present findings we suggest that a small pool of collagen XVII molecules also exists outside the raft space and is thus available for enzymatic processing by TACE, whereas the molecules in the rafts remain inaccessible. After disruption of the rafts also these molecules become available for TACE, which results in enhanced shedding. We propose that redistribution of collagen XVII molecules between raft and non-raft phases can be an important mechanism to modify accessibility to the sheddase, possibly due to a conformational change in collagen XVII upon the interphase transition. This is supported by our recent observations that conformation of the juxtamembranous NC16A-domain of collagen XVII is important for shedding (9) . Alternatively some accessory, raftdependent proteins may also participate in this process.
Recently α6β4 integrin, the other transmembrane component of hemidesmosomes beside collagen XVII, was found to localize to lipid rafts as a result of palmitoylation of the β4 subunit (27) .
Palmitoylation-deficient α6β4 integrin was not localized in rafts, did not activate SFK (Src family kinase) signalling and failed to promote keratinocyte proliferation in response to EGF, implying that mitogenic signalling requires α6β4 integrin incorporation into lipid rafts. Binding to its physiological ligand, laminin 5, or antibody induced oligomerization of α6β4 increased the amount of integrin recovered in the raft fraction, suggesting that matrix binding of α6β4 integrin increases its affinity for lipid rafts and enhances signalling. Accordingly, there may be a role for matrix binding in regulation of collagen XVII´s affinity to lipid rafts, in particular since laminin 5 is also a ligand of collagen XVII (28) .
Cholesterol as an important constituent of the cornified layer contributes to epidermal lipid barrier formation in the skin (29;30) . Epidermal differentiation, i.e. the physiological transformation of an epidermal keratinocyte from a basal cell to a corneocyte within about four weeks, involves a tightly regulated, time-dependent expression of differentiationrelated proteins. Recently, cholesterol depletion was shown to alter the expression of epidermal differentiation markers keratin 14 and keratin 10, and to result in the phenotype of early differentiating keratinocytes (19) . The detailed mechanisms of this cholesterolmediated regulation of keratinocyte differentiation remain elusive, but it seems feasible that collagen XVII shedding could contribute to the initial steps involving the release of keratinocytes from binding partners in the underlying basement membrane. BB3241 was kindly provided by H. Mills, British Biotech Pharmaceuticals Ltd, Oxon, U.K (8;9). The abbreviations used are: ADAM, a disintegrin and metalloproteinase; MβCD, methyl-beta cyclodextrin , TACE, TNF-alpha converting enzyme; APP, Alzheimer amyloid precursor protein; PLAP, phosphatidylinositol linked placental alkaline phosphatase; HTrR, human transferring receptor; EGF, epidermal growth factor. Keywords: basement membrane, hemidemosome, keratinocyte, lipid raft, sheddase. by guest on October 30, 2017 
